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Abstract
High efficiency is required in power conversion circuits. A 
systematic optimization procedure is presented in this 
paper to optimize LLC series resonant converter efficiency 
where the effect of LLC input voltage variation cased by 
power factor correction circuit is considered. A mode 
solver technique is proposed to handle LLC converter 
steady-state solutions under different input voltage 
conditions. Loss models are provided to calculate total 
component losses using the current and voltage 
information derived from the mode solver. A prototype 
300W 12V output LLC converter is built using the 
optimization results. Experimental results are presented. 
1 Introduction 
Computer-aided-design (CAD) and optimization is an 
important art widely used in many applications. Design 
optimization of PWM converters were explored by 
researchers in the past few decades [1] [2] [3]. Nowadays, 
high efficiency is required for off-line power supplies.  
 LLC series resonant converter is emerging for high 
efficiency requirement. So far, there is not much work on 
the optimization of LLC converter. The optimization of 
LLC converter is more difficult than conventional PWM 
converters. It is because of the following reasons. First, 
there are multiple modes of operations; each mode has 
different resonant characteristics. Second, the nonlinear 
behavior of LLC converter does not have closed-form 
solutions. Third, LLC resonant converter is regulated by 
frequency. The input voltage of LLC has line frequency 
voltage ripple cased by the front end power factor 
correction circuit (PFC). It is difficult to calculate the 
accurate frequency that regulates the output voltage. 
This research work proposes an optimization procedure 
that solves the above difficulties. The optimization 
procedure handles efficiency optimization problems where 
the LLC converter input ripple voltage from the PFC is 
considered. A mode solver technique is proposed to handle 
LLC converter steady-state solutions at different input 
voltages. The proposed mode solver utilizes numerical 
non-linear programming techniques to solve LLC state 
equations and determine operation mode. Loss models are 
provided to calculate total component losses using the 
current and voltage information derived from the mode 
solver. The calculated efficiency serves as the objective 
function to optimize converter efficiency. A prototype 
300W 12V output voltage LLC resonant converter is built 
using the optimization results.   
2 Converter Models 
2.1 PFC output voltage ripple 
Fig. 1 shows a typical two stage AC/DC DC/DC 
configuration. The AC/DC PFC stage is a rectifier 
followed by a boost converter. The PFC converter presents 
a varying voltage to the LLC stage. This increases the 
complexity of the optimization because LLC switching 
frequency must be varying in order to maintain output 
voltage regulation. The optimization method presented 
here deal with this issue. The PFC stage output voltage and 
its ripple is shown in Fig. 2. We take samples of the PFC 
output voltage in order to reduce the computation 
complexity of LLC operation. 
Fig. 1 A typical AC/DC DC/DC stage power converter. 
Fig. 2 Sampled PFC output voltage with ripple.  
The peak-to-peak ripple PFC output voltage of is given by 
[4]:
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where Vo-pfc is the mean voltage of PFC output, fm is the 
line frequency, typically 50Hz or 60Hz. Cpfc is the value of 
the PFC output capacitor (input capacitor of LLC 
converter). Po is the output power. 
2.2 LLC series resonant converter 
The half-bridge LLC series resonant converter topology is 
shown in Fig. 3 Half–bridge LLC series resonant DC/DC converter..
The Equivalent circuits of LLC converter are shown in 
Fig. 4 Equivalent circuits of LLC converter..
Fig. 3 Half–bridge LLC series resonant DC/DC converter.
A mode solver technique is proposed to compute the 
multiple-mode steady-state operation of the LLC 
converter. The proposed LLC mode solver serves as a 
function block in the main optimization procedure. The 
input variables of the LLC steady-state solver are the 
values of resonant parameters, such as Lr, Cr, Lm and the 
required conversion gain M. Switching frequency at each 
sampled voltage Vo-pfc-sampled is calculated in this stage. The 
state equations are also solved numerically in this stage 
and the output of this function block are vectors containing 
particular waveform information of current and voltage. 
The mode solver starts with normalization for the sake of 
uniformity. Ȧ0 and Ȧ1 to denote the two resonant 
frequencies: 
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Where fr is the resonance frequency. 
The operation angle ș is given by 
0tT Z                                                   (3) 
F is the ratio of the switching frequency and resonant 
frequency frequencies. The Ȗ is defined as a half period of 
switching cycle. 
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The conversion ration M is defined as: 
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The operation angle ș is given by 
0tT Z                                                    (6) 
The conversion ration M is defined as: 
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where V1 and V2 are input/output voltage of the 
equivalent circuits, Vin Vout are the LLC input/output 
voltage, and np ns are the primary and secondary turns of 
transformer.  
The normalization parameters are presented as followings: 
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Where Vbase is defined as the V2 so that m2 is normalized to 
unity, and m1 is the normalized input voltage. The base 
impedance Zbase and the base current ibase are given by (10).  
The normalized voltage on resonant capacitor mc(ș) and 
normalized current through resonant inductor jLr(ș) are, 
respectively, given by 
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Similar expressions are applied to mm(ș), mm2(ș), mLr(ș),
jLm(ș) and jout.
The ratio of two resonant inductance Ȝ and the ratio of two 
resonant frequencies k1 are, respectively, given by (11). rL
is the normalized load. 
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where RL is the load resistance value.  
The LLC resonant converter has several modes of 
operations. The discontinuous conduction mode below 
resonance (DCMB) and the continuous conduction mode 
above resonance (CCMA) are two main operation modes. 
And we only consider these two modes for simplicity. 
Discontinuous Conduction Mode below Resonance 
(DCMB) 
If M>1, we consider the LLC converter operates in 
Discontinuous Conduction Mode below Resonance. In 
DCMB, the LLC converter voltage conversion ratio M is 
larger than unity (M>1).  The equivalent circuit of DCMB 
mode in [0, Į) is shown in Fig. 4(b).The state equations are 
given 
[0, )
1 1( ) [ (0) 1]cos( ) (0)sin( ) 1
( ) 1
1( ) [ (0) 1]sin( ) (0)cos( )
( ) (0)
c c Lr
m
Lr c Lr
Lm Lm
m m j
M M
m
j m j
M
j j
T D
T T T
T
T T T
T OT

­      °
°  °
®
°     
°
°  ¯
(12)
Fig. 4 Equivalent circuits of LLC converter.
The equivalent circuit of DCMB mode in [Į, Ȗ) is shown in 
Fig. 4(c). The state equations are given by 
1 1
1
1 1
1
1 1 1
[ , )
1 ( ) 1( ) [ ( ) ]cos[ ( )] sin[ ( )]
1 ( )( ) {[ ( ) ]cos[ ( )] sin[ (( )]}/ (1 )
1( ) [ ( ) ] sin[ ( )] ( )cos[ ( )]
( ) ( )
Lr
c c
Lr
m c
Lr c Lr
Lm Lr
jm m k k
M k M
jm m k k
M k
j m k k j k
M
j j
T D J
DT D T D T D
DT D T D T D O
T D T D D T D
T T

­      °
°
°       °
®
°
°      
°
°  ¯
(13) 
The average output current jout is given by 
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The steady-state solution in DCMB [jLr(0), mc(0), Į, M] can 
be solved by: 
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These four equations become the basic of the solver, which 
adequately describe the waveforms of the resonant operation. 
Since these unknowns do not have the analytical closed-form 
solution, the equations are solved by MATLAB function 
fsolve(x) which is a numerical based search function.  
If M<1, we consider the LLC converter operate in CCMA 
mode.  The state equations of CCMA are similar to that of 
DCMB. Typical waveforms of DCMB and CCMA operations 
are presented in Fig. 5. 
The current waveforms of LLC converter are determined by 
the operation mode and calculated by the proposed mode 
solver. Current harmonics are calculated to predict losses. A 
numerical method is used to sample a switching cycle. The 
current harmonics are calculated by fast Fourier transform, as 
shown in Fig. 6. 
Fig. 5 LLC operation modes DCMB and CCMA 
Fig. 6 Transformer current waveform and harmonic components 
3 Converter loss models 
Converter loss models are reviewed in this section. The main 
components are primary MOSFETs, synchronous rectifiers, 
transformer, resonant inductor, resonant capacitor, 
input/output capacitors. 
Primary MOSFETs: 
The conduction loss of primary MOSFETs are given by 
2
cd pri RMS pri ds priP I R                           (16) 
Where IRMS-pri is root mean square value of primary current, 
Rds-pri is the “on” resistance of primary MOSFETs. 
 Since zero voltage turn-on can be achieved in LLC converter, 
we assume there is no switching loss. Please note this 
assumption is under the condition that turn-off current of 
primary MOSFETs is low. 
Synchronous rectifiers: 
Synchronous rectification (SR) is implemented at the 
secondary side to achieve high efficiency at the low-voltage 
high-current output condition. The current driven 
synchronous rectifier driving scheme is implemented. We 
assume the SR works under a timing scheme that current does 
not flow through synchronous rectifier body diode. The major 
losses for the synchronous rectifier are the conduction loss, 
turn-off switching loss and the gate drive loss. Turn-off 
switching loss is the energy stored in the stray inductance and 
being dissipated by the circuit. The simplified model for the 
turn-off loss and the gate driving loss of SR are denoted as 
Psw-SR and Pg-SR respectively. The conduction loss of SRs is 
denoted as Pcd-SR.
_
2
s in oss SR s
sw SR
p
n V Q f
P
n
                         (17) 
g SR g SR g SR sP Q V f                              (18) 
2
seccd SR RMS ds SRP I R                             (19) 
Magnetic components: 
Transformer and resonant inductor are two magnetic 
components in LLC converter. The AC copper loss is worked 
out as below. 
The skin depth of the nth harmonics frequency is given by 
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The AC-to-DC resistance ratio FR at nth harmonic frequency 
is calculated by Dowell’s equation [5] given by 
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We have: FR-pri(n)=FR(n, p, X) is for primary round wire with 
p=nlayer and 
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FR-Lr(n)=FR(n,p,X) is for resonant inductor round wire with 
2
snp   and 
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 .
The AC copper loss at each harmonic frequency is calculated 
by summing the losses from DC to 32th harmonics. The 
primary side of transformer are given by 
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Where RXF-pri is the DC resistance of transformer primary side 
winding calculated by geometry, In-pri is the nth harmonic 
current at the primary side calculated by Fast Fourier 
Transform (FFT). Similar manner can be applied to the 
calculation of secondary foils copper loss and resonant 
inductor copper loss. 
Capacitors: 
The resonant capacitor in series with the power path carries 
high RMS current and high voltage. A low loss capacitor is 
used to achieve high efficiency and low temperature. 
Metalized polypropylene capacitor is selected because of its 
low dissipation factor and low cost. The dissipation factor DF
of polypropylene capacitor (or loss angle tanį) increases with 
the increasing of frequency up to 10 MHz. We assume DF
increase linearly with the frequency given by (23). 
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where aDF and bDF are constant, f  is the frequency, RCr is the 
equivalent series resistance (ESR) of resonant capacitor. PCr
is the loss of resonant capacitor. 
4 Optimization procedures 
An optimization procedure is presented in this section. The 
optimization program in this paper is developed under 
MATLAB environment. The LLC efficiency optimization 
involves non-linear, constrained, continuous optimization 
problems. The fmincon(x) function of MATLAB 
optimization toolbox is applied as the optimizer to solve such 
problems. The “activeset” algorithm is used in the fmincon(x) 
function. Detailed optimization procedures can be found in []. 
The aim of the optimization is to minimize the loss at a 
certain loading condition. The flow chart of optimization 
procedure is presented in  
Fig. 7. The characteristics of the power components are 
discrete, such as the primary MOSFETs, transformer core and 
bobbin size. The continuous optimization methods cannot 
handle such discrete values, so we pre-select the discrete 
components at the discrete component selection stage. In the 
continuous optimization stage, the discrete components and 
their related parameters are fixed. Let x denote a vector 
containing all the design variables, such as primary turns, 
secondary turns, value of Lr, Lm and Cr etc.. 
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where np ns are numbers of primary turns, Lm Cr Lr are values 
of resonant tank, dAWG is the diameter of the transformer wire, 
nlayer is the number of layer of transformer, hfoil is the 
thickness of the transformer secondary foils, nLr is the number 
of turns of resonant inductor, dAWG-Lr is the diameter of wire 
of the resonant inductor, and nLr-layer is the number of layers of 
the resonant inductor. 
The mean loss at each LLC input voltage is given by  
1
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Where nin is the number of sampled LLC input voltage. 
The optimization problem is to minimize the mean loss  
Ploss-mean(x) subject to constraints set ȍ, given by 
min ( )loss meanx P x:                                     (28) 
Where  is given by 
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The lower bound vector bxl and the upper bound vector bxu of 
design variables give the searching range, where the 
expression “xbxl” denotes “x-bxl” to be a vector with non-
negative entries. “0.3-ǻBm-Lr0” and “0.3-ǻBm-XF0” denote 
that the resonant inductor and the transformer do not saturate 
(0.3 is assumed to be the ferrite flux saturation level). 
The optimization program searches the optimal result that 
fulfils the constraints set. 
Design
Variables 
Lower 
bound 
Upper 
bound 
Optima 
Results
Stopping 
at boundary 
np 10 60 32.8 No 
ns 1 3 2 No 
Lm (ȝH) 100 300 300 Yes 
Cr (nF) 10 100 55 No 
Lr (ȝH) 22 90 22 Yes 
dXF-AWG
(mm)
0.1 0.5 0.1 Yes 
nXF-layer 1 20 4.8 No 
dLr-AWG
(mm)
0.1 0.2 0.1 No 
nLr 1 50 11 No 
hfoil (mm) 0.1 0.2 0.1 Yes 
nLr-layer 1 20 5 No 
fmin=150kHz ,   fmax=174kHz, 
Vin-min=393V,  Vin-max=407V
Table: 1 Optimized results 
5 Optimization and experimental results 
5.2 Optimization results 
The optimization program aims to optimize a 12V output 
voltage and 25A output current LLC resonant converter. The 
optimized design variables and lower/upper bounds are 
presented in Table 1. The lower/upper bounds are predefined. 
It can be seen that some of the design variables converge to 
their boundaries. These boundaries are limited by physical 
factors such as size. This table also indicates those boundaries 
that can be improved to have even higher efficiency. 
                     Design specifications e.g. 
                       Input line voltage, LLC output voltage, 
                       LLC output current 
                      Discrete components selection: 
 PFC: rectifier bridge, inductor core, MOSFET, 
                               diode, bulk capacitor 
                       LLC: transformer, resonant inductor, 
                                 primary MOSFETs, synchronous rectifiers, 
        in/output capacitors, resonant capacitor 
                       Set algorithms and constraints, 
                       Starting optimizer to minimize loss 
                       Sample DC bus voltage 
                       Set LLC input voltage 
                       (with a set of sampled bus voltage) 
                       Calculate the required conversion ratio of 
                       LLC for each sampled voltage 
                       LLC mode solver 
                       Numerically sampling LLC steady-state 
                       Waveforms and harmonics calculation 
                       Losses calculations: magnetic components, 
                       Semiconductors, capacitors 
                       LLC input voltage loop ends? 
                       Calculate total loss via an ac cycle 
                       Minimize total loss via an ac cycle 
                        Optimization converged? 
Design profiles 
Fig. 7 Main optimization procedures 
The optimized LLC converter efficiency is calculated to be 
96.6%, where the calculated efficiency is (output power)/[(all 
losses)+(output power)].  
Yes 
Continuous 
optimization loop
Yes 
COMPONENTS LIST 
LLC Primary 
MOSFETs 
IPP50R140CP 
Synchronous rectifier BSC016N04LS3 Current driven SRs 
LLC transformer Turn ratio 33:2 
ETD44/22/15 
3C90 
Primary: AWG40*50 
Secondary: 0.2mm foils 
Leakage: 8 ȝH
Resonant inductor 17 ȝH PQ20/16
3C96 
AWG40*60 
Resonant capacitor 47 nF 1000V Metalized polypropylene 
1.72KP .047/20 1000V 
LLC Input Capacitor 
(PFC output Capacitor) 
200 ȝF 450V RUBYCON KXW 
PFC Choke 600 ȝH,
 RM14  
AWG38*30*2 
70 turns 
PFC MOSFET IPP60R299CP  
PFC Diode IDH04SG60C  
PFC Controller: NCP1654 
LLC controller: NCP1397
Table 2: Components list 
5.3 Experimental results 
A prototype PFC+LLC converter is built to verify the 
optimization results as shown in Fig. 8. The components list 
is shown in Table 2. The measured efficiency at 230Vac is 
presented in Fig. 9. The full load efficiency at 230Vac is 
94.6%. The waveform of LLC input voltage ripple is shown 
in Ch1 of Fig. 10, the voltage after bridge rectifier is shown in 
Ch2 and the LLC resonant current is shown in Ch4.   
Fig. 8 Prototype PFC and LLC converter. 
Fig. 9 Measured efficiency at 230Vac 
6 Conclusions 
A systematic optimization procedure is presented in this paper 
to optimize LLC series resonant converter efficiency where 
the effect of LLC input voltage variation cased by power 
factor correction circuit is considered. A mode solver technique 
is proposed to handle LLC converter steady-state solutions under 
different input voltage conditions. Loss models are reviewed. A
prototype 300W 12V output LLC converter is built using the 
optimization results and high efficiency is obtained. 
Fig. 10 converter waveforms 
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